sorption band of chlorophyll a. Reported herein is a study of enhancement and its relations to pigment absorptions in A nacystis nidulans.
Methods
Annacystis nidulans Drouet (Kratz and Allen strain) was grown in continuous culture chambers (14) in Medium C (12) The different growth conditions provided 2 distinct types of cell material. When grown under low tungsten illumination, Anacystis develops a pigmentation in which the in vivo absorption peaks at 625 m,u (principally phycocyanin) and 678 mix (principally chlorophyll a) have about equal heights. The further special case of higher intensity and lower temperature provides a minor modification of decreased phycocyanin and chlorophyll contents but with only small change in their ratio (18) . No effects of light intensity during growth were observed in the phenomena studied and all cells grown under tungsten white light will be designated W cells. Under far red illumination there is marked change in pigmentation: the chlorophyll content (per cent dry weight) is markedly decreased with little change in phycocyanin. Cells grown under far red light will be designated R cells. Further description of the 3 growth conditions and detailed analyses of the resulting cell pigmentations are presented in a separate report (9) .
The optical system, identical to that previously described (17) , provided 2 light beams of 4.2 and 4.4 m,u half band widths. Relative rates of net 02 exchange by the algae were measured with a BlinksHaxo polarographic electrode as previously described (16) . The medium used had the following composition in g/liter: MgSO4*7H2O, 0.25; KNO3, 1.00; K2HPO4, 1.00; Ca(NO03)2 4H2O, 0.025; NaCl, 0.17. The pH of the medium was 8.4 when equilibrated with air and 6.9 to 7.0 when equilibrated with 2 % CO2 in air. The quantity of medium required was reduced to 600 ml by introduction of a lift pump, powered by the aerating gas mixture, which recirculated the medium to provide constant flow over the dialyzing membrane at the top of the electrode chamber.
A major technical problem was encountered in use of the electrode with Anacystis and also with a second blue-green alga, Anabaena variabilis. The photosynthetic response to a standard light signal decreased rapidly with time. A systematic search was made for special conditions which would permit stable photosynthetic response over periods of days as had been obtained with Chlorella (17) . Two such special conditions were found.
Thick cell films (7) (8) (9) (10) ,u) could be maintained with stable photosynthetic response over the course of days if they were made by depositing the algae on top of an agar layer (about 0.1 mm thick) over the electrode (8) . The agar layer presumably moved the algal film away from the special microenvironment of the electrode surface. However, it also lowered the sensitivity, increased the response time, and required a film of high light absorption. Thinner films still showed continuing decay of photosynthesis with time.
By using 02 concentrations equivalent to 0 to 1 % in the gas phase, thin films (to 0.5 , calculated thickness) could be maintained directly over the electrode surface in stable operation over periods of days. However, zero 02 generally was avoided because the time response to light was sluggish and light intensity curves extrapolated to a rate less than zero at zero intensity. With low 02 the background current flow in the dark was low (< 0.5 ,uamp) so that a typical light response of an additional 0.5 ,uamp made a large change in current flow. Silver anodes had to be substituted for the previously used large area platinum anodes in order to hold the cathode potential constant at 0.5 v during such proportionately large current change. Fortuitously, the silver anodes, which had proved toxic to Chlorella, showed no toxic effects with Anacystis.
In order to observe effects of O0, we aerated the medium with varying 02 concentrations prepared by proportionate flow from 2 gas mixtures of 2 % CO2 in N2 and 0.5 % CO2 in air. The results of 2 such experiments with thin films are shown in figure 1. Increasing 02 decreased photosynthetic rate at higher intensities. Further, the effects were time dependent. Inhibition became irreversible after prolonged exposure to high 02. Another manifestation of 02 inhibition was seen in the time course of approach to steady 02 evolution. Upon illumination the recording of electrode current showed several large oscillations which damped out into a steady value.
The causes of inhibition by higher 02 tension and reasons for the difference in behavior of thick and thin films have not been resolved. Anacystis has some of the characteristics of a microaerophilic organism. However, the concentration at the electrode surface is always very low in spite of variations in concentration in the external medium. 02 concentration in the medium also controls the background electrode current which varies linearly from about 10 ,uamps at 21 % 02 down to zero current with zero O. Hence it appears more likely that the effects are caused by some factor in the microenvironment of the electrode surface which depends upon rate of the electrode reaction.
The electrode reaction produces OH-and gives a local high pH and decreased concentration of free CO2. However, increased CO2 (5 %) or We proceeded to use both of the methods in which the 0, inhibition effect was not apparent: A, films deposited directly upon the electrode surface together with an aerating gas mixture containing 1.0 % 02 and 2 % C02; B, thick films (7-10 IL) deposited on an agar layer over the electrode and aerated with 0.5 % CO2 in air. Except for differences attributable to The choice of expression is convenient for experimental reasons. A difference value such as (P12 -P2) can be measured directly as the increase in rate when a beam of X1 is superimposed upon the constant background of another beam of X2.
Problems of Nonlinearity in p. The definition of enhancement in equations (I) and (II) presumes that rate of photosynthesis, p, is linear with intensity, I. In Anacystis 2 kinds of nonlinearities impose restrictions upon experimental procedure. At high light intensities there is the usual bending in approach to light saturation and at low intensities there is a nonlinearity with the nature of the Kok effect (10) .
The Kok effect is consistently observable in Anacystis as an abrupt change in slope of p vs I at very low intensities in the X1 region. The effect shown in figure 2 from an experiment with a thin film and low 02 is similar to results reported in our previous study (8) using thick films and 20 % 02. When various intensities of 700 m,u (X1) are presented without background light, the resulting rates of net 02 evolution follow curve A. Mass spectrometer experiments of Hoch et al. (7) reveal that a large fraction of the initial slope is attributable to decreasing rate of 02 uptake and that only the second slope properly describes increasing 02 evolution. Imposing the same intensities of 700 m,u on a 620 m, (X2) background gives an enhanced curve C; imposing them on a 700 m,u (X1) background wipes out the initial slope and gives only the second slope which now extrapolates to zero as in curve B. The Kok effect was not seen as a major nonlinearity at wavelengths in the X2 region. However, all respiratory anomalies peculiar to very low light intensity were eliminated by always using background light and measuring p as an increment in rate arising from a measured increment of I.
Nonlinearity due to light saturation was encountered at relatively low intensities for wavelengths of high absorption (< 500 ,xw/cm2 at 620 m,, cf. fig   1A) . Measurements therefore had to be restricted to rates of photosynthesis above the transition point of the Kok effect and below the transition to light saturation.
Quantitative Characteristics of Enhancement between Chosen Wavelength Pairs. A typical curve for enhancement E1 is presented in figure 3A . Enhancement at 700 mtu by 620 m,u is plotted as a function of the I2/Il ratio reckoned in terms of P2/P, ratios of photosynthetic rates observed in each of the beams alone. W cells of normal pigmentation show a high ratio of P620/P700 required for a maximum enhancement of more than 10. From the 2 values of P620 used it is evident that, as in Chlorella, the magnitude of E1 depends upon the ratio of photosynthetic rates in the 2 beams and not upon the absolute rates. The experiment presented used a relatively thick film so that the length of transition to maximum enhancement and the ratio needed to obtain maximum enhancement are both overestimated. From other experiments with thinner films a P620/P700 ratio of 30 to 50 usually gave maximum enhancement values near 10. R cells with a low chlorophyll/phycocyanin ratio show a lower maximum E1 enhancement attained at a much lower P2/P, ratio ( fig 3A) . Figure 3B shows the dependence of enhancement E2 on the P,/p2 ratio. As in Chlorella (15, 17) , a very small P1/P2 ratio is sufficient to obtain maximum E2 even for the extreme case of the R cells. The upper curve demonstrates that E2 also is determined only by the ratios of intensities or photosynthetic rates in the 2 beams and not by their absolute values.
Action Spectra on Complementary Backgrounds. In order to describe most completely the spectral characteristics of enhancement we have obtained action spectra for each kind of preparation using backgrounds of complementary wavelengths (620 and 690 mg,). The final action spectra (fig 4, 6 ) have a number of special parameters chosen as a result of previous exploratory work.
First, as in Chlorella, there are 2 kinds of wavelength regions (X1 and X2). Within any one region no 2 wavelengths show enhancement. Conversely any wavelength chosen from the X1 region will show enhancement with any wavelength chosen from the X., region. Secondly, the fidelity of an action spectrum demands that at all wavelengths rate of photosynthesis, p, shall be linear with intensity, I. As already noted, this condition will be met in the X1 region only by use of a X1 background (cf. fig 2, curve B) . Hence a constant X, (690 m,u) background used across the whole spectrum will faithfully reproduce the A, region and will give enhancement in the k2 region. Conversely, a constant X2 (620 m,u) background will not affect the X2 region but will give enhancement in the X1 region. Thirdly, in order to see maximum possible effects of enhancement it is necessary that intensities of the k, and X2 backgrounds be carefully chosen.
Each background must be of intensity high enough to eliminate the Kok effect and to obtain maximum enhancement throughout the complementary region; at the same time it must be low enough to avoid nonlinearity of approach to saturation. The action spectra of figures 4 and 6 were obtained by careful attention to these requirements.
Presented below each of the action spectra are corresponding absorption spectra ( fig 5, 7 8 . They may be compared, not with spectra for total absorption, but with spectra describing fraction of the total quanta absorbed by each of the pig-ment components. Figure 9 shows (fig 8) .
For R cells the enhancement spectrum is shifted (curve R vs W, fig 8) as might be expected from the shift in pigment ratios (B vs A, fig 9) . The effect is ascribable to a decreased activity of pigment system 1 at all wavelengths. E1 is smaller, E2 is larger, and the X2 region now extends between cross points at 508 and 668 mp. Between 550 and 650 m,u, where aborption by phycocyanin was estimated at over 95 %, the E2 values were close to 2.0 and values above 2.5 were never observed (cf. fig 3B) .
Discussion
In all of our studies of the enhancement phenomena in Anacystis we found only 2 basic differences from those observed in Chlorella (17) . First, there is a major nonlinearity of the Kok effect. Secondly, there are differences in spectral characteristics understandable as consequences of phycocyanin instead of chlorophyll b as an active pigment.
The enhancement spectra (fig 8) differ from the corresponding spectrum of Chlorella in the occurrence of a segment of the X1 region in the blue. This characteristic has previously been noted by Fork (5, 6) and by Blinks (2) or between chlorophyll b and chlorophyll a in Chlorella.
We note also remarkable similarity in the enhancement spectra (fig 8) to the activation spectra for oxidation and reduction of P700 observed by Kok and Gott (11) . We consider the correspondence in spectra a confirmation of the significance of their measurements describing the turnover of P700 in photosynthesis.
The action spectra (fig 4, 6) were obtained under conditions chosen to give information about the active absorption of each of the 2 pigment systems. It should be noted that at any wavelength the observed action is computed as relative rate of photosynthesis divided by rate of incident quanta presented at that wavelength. Incident quanta of the background beam are not reckoned in computing action even though they actually may be used to give the increase in photosynthetic rate observed.
Interpretation of the action spectra requires prior knowledge of the way in which enhancement works. The simplest interpretation follows Duysens and Amesz (3) and the separate package hypothesis (13) . On a large 690 m,u ()1) background pigment system 1 and photoreaction I always receive quanta in excess and photosynthesis is proportional to absorption of quanta into pigment system 2. Hence the curve on 690 m,u background is the action spectrum of pigment system 2. By similar argument the curve on 620 m,u background is the action spectrum of pigment system 1. However, modification of this simple interpretation is required if, as suggested (13), the distribution of quanta from pigment system 2 may spill over from photoreaction II to photoreaction I. In this case a 620 m,u background contains a potential rather than an unused excess of system 2 quanta. Addition of k1 light beam gives rise to redistribution of quanta in the background i.. beam. The measured P12 -P2 is less than would occur if the system 2 quanta in the background were in unused excess. Hence, if the spillover mechanism operates, the system 1 action in the k1 region is undlerestimatecl in comparison to the system 2 action in the ?2 region. The same kind of problem does not enter into calculation of enhancement, which has only operational (lefinition, but does enter into the interpretation of enhancement (1, 13) .
Even though they may be distorted, we shall proceed to dliscuss the curves of figures 4 and 6 as action spectra of the 2 pigment systems and compare them with absorption spectra of figures 5 and 7.
The action spectra of system 2 (690 m,u background) follow closely the absorption spectrum of phycocyanin with a slight shoulder at 670 and a small peak at 440 mp attributed to chlorophyll a-670. The action spectra of system 1 show peaks at 675 and 440 m,u ascribedl to chlorophyll a and a peak at 625 m,u ascribed to phycocyanin.
Action spectra for R cells show an increased ratio of system 2/system 1 absorption (fig 6 vs fig 4) . R cells have a 4-fold decrease in total chlorophyll a with little change in phycocyanin (9) . In spite of large change in pigment ratio, the character of the action spectruml for each pigmiient system seems to remain remarkably constant. In order to examine this point further we have replotted the 2 sets of spectra together in figure 10 after multiplying by factors chosen to normalize them at 630 m,u. We consider most impressive the degree of match between R and W cells for the action spectrum of each system. However, the small differences relative to active phycocyanin absorption at 630 mix are also of interest. It appears that in R cells system 2 has an increased contribution from chlorophyll a at 670 and 420 m,u; system 1 has a decreased contribution from chlorophyll a at 680 to 690 and at 420 to 450 m,u.
Since the action spectra were obtaine(d on relatively thin films we can make approximate quantitative comparisons between the action spectra and in vivo absorption spectra. For \V cells the action spectra (fig 4) appear understandable from the absorption spectrum ( fig 5) . For R cells, however, the large absorption ratio between 630 and 680 m,u ( fig  7) is not matchedI by any feature of the action spectra ( fig 6) . We tentatively adopt the simplest explanation: that part (as much as Y2) of the phycocyanin is inactive.
The inactivity of phycocyanin in R cells cannot be ascribed simply to excess and unused system 2 quanta. The action at 565 m,u is estimated to be half of that expected for maximum quantum yield.
Complementary 690 m, background does not increase action much above its maximum value at 668 mu even though uncounted quanta from the background contribute to the computed action (cf. W cells, 593 mu and 690 vs 620 mu backgrounds). Or viewed in another way, the R cell action spectrum on excess 690 mpu background (fig 6) does not approach a match to the in vivo cell absorption (fig 7) . Hence we must conclude that in R cells some of the phycocyanin is not active in either system 1 or system 2. Recalling that the peculiarity of R cells is a very low chlorophyll a content (9), we suggest that the phycocyanin is partly inactive because of a lack of necessary chlorophyll collectors or traps.
Though the action spectra of figures 4 and 6 were obtained by the special technique of background illumination, we can deduce from them the conventional action spectra of photosynthesis. In the X2 region the 620 m, background gives no enhancement and the action p/I is determined as the slope of the light intensity curve at each wavelength. The same conditions hold likewise for the curves on 690 m,u background in the XA region. Hence a composite curve, assembled from the lower curve in each region represents a classical action spectrum of photosynthesis (no background light). In fact we assert that, in order to eliminate the Kok effect, a procedure such as that used is required for a proper photosynthetic action spectrum in Anacystis.
For normally pigmented W cells the photosynthetic action spectrum shows only a single red peak (625 mu) at the phycocyanin maximum. It is remarkably similar to action spectra of Porphyridium aerugineum (5, 6) in which the principal accessory pigment also is C-phycocyanin.
There is an apparent anomaly in that the in vivo absorption curve of R cells shows chlorophyll only as a shoulder on the curve. Yet only in R cells, which are low in chlorophyll, can one see evidence of chlorophyll absorption in the classical action spectrum. Partial appearance of the chlorophyll band in the action spectrum is only a result of shift in cross point to longer wavelength. Contributing to the anomaly is the higher system 2 absorption which allows match of greater system 1 absorption, small shifts in chlorophyll species from system 1 to system 2 ( fig 10) , and a partially inactive phycocyanin.
We have sought but not found evidence which would clearly discriminate between the alternate separate package and spillover models for enhancement (1, 13) . One test would be provided by careful measurement of quantum yields across the X2 region.
The spillover model predicts constant and maximum quantum yield. The separate package model predicts that the quantum yield, by virtue of unused system 2 quanta, will be less than maximum by a factor (n + 1)/(n + E,) where n is the required ratio between rates of photoreactions I and II (13) . A typical maximum E2 observed in our W cells is 1.4 (fig 3B) . For a reasonable value of n of 2 or less, the separate package hypothesis predicts a corresponding quantum yield factor of 0.88 or less. The data of Emerson and Lewis (4) on Chroococcus and our 2-point comparison for the W cells speak for constant and maximum quantum yield in the X2 region, but the precision is less than completely convincing.
Because of the unusually high values of E2 observed in R cells we considered whether they might be used to discriminate between the 2 models. The spillover model sets upper limits of E2 at 2.0 if n = 1 or at 3.0 if n = 2 (1, 13 
